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Abstract 
Particularly the automation of thermal material processing makes high demands on monitoring and controlling the resulting 
quality. A new promising approach is the utilisation of the emitted thermal radiation to get detailed information about 
temperature distributions and geometrical structures. Indeed, current laser systems with strong focusability exhibit a high 
innovation potential in many application ranges, for example the possibility of adjusting the welding depth to even small material 
thicknesses. However, the usability of these advantages is limited because the suitable process windows are considerably 
constricted at increased welding speed. Therefore, a reliable monitoring of thermal material processing is of vital importance.
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1. Introduction 
The continuous advancement of laser systems with strong focusability at high laser power can be used for further 
improvements and developments of new application ranges. Indeed, the knowledge of the essential influence of the 
laser beam parameters on the keyhole geometry and therewith on the achievable welding depth contributes to a 
profound process understanding [1]. However, not only the formation of the resulting weld seam but also the 
associated quality is of great interest. Particularly in keyhole welding of highly stressed joints (e.g. gear and car 
body components), it is necessary to prevent seam imperfections like underfill, holes, kerfs, melt ejections, and 
humping, which lower the strength and the functionality. Therefore, a reliable monitoring of thermal material 
processing is of vital importance for quality control. Earlier experiments show that measuring the 3D-surface 
structure of the weld seam with triangulation methods is not always accurate and informative and using scanner 
optics not applicable. Particularly kerfs and holes cannot be detected with sufficient reliability, because the light of 
the external illumination is absorbed in such kerfs and the resultant reflected light is hard to detect. In contrary, the 
fact can be used that especially in such regions the emissivity of hot (radiating) surfaces is huge and is mostly 
polarised. These outstanding characteristics can be used for a novel process monitoring system. 
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2. Fundamentals of thermal radiation 
Every body with a temperature above absolute zero emits thermal radiation which is partially polarised except in 
perpendicular direction of emission. In addition to increasing intensity of the emitted radiation with increasing 
temperature, its spectral distribution shifts to a higher percentage of short-wavelength radiation as well. The spectral 
radiation density of a black body LO,B(O, T) at temperature T and wavelength O can be described by Planck’s law [2]. 
A so-called black body characterises an ideal surface which absorbs the total amount of incoming radiation 
independent of wavelength and irradiation direction. Similarly, the emitted radiation of a black body is independent 
of the irradiation direction. Furthermore, the emitted radiation of a black body constitutes a maximum which can not 
be achieved by a real surface (H = 1). The relationship between the radiation density of a real surface 
LO(O, T, E, surface conditions, material) and a black body can be expressed by the spectral emissivity H. The 
emissivity depends on the wavelength O and the temperature T, the surface conditions such as roughness and 
oxidation and of course on the used material. Additionally, the emissivity of a real surface is defined by the angle of 
radiation E and the polarisation state (p and s polarisation). 
3. Functional principle of the sensor 
Figure 1 (a) shows that for O = 1060 nm the emissivity strongly depends on the angle of radiation E (angle 
between irradiation direction and surface normal) and the polarisation state. This relationship persists as well for 
wavelengths in the range of O = 500 - 2000 nm. These characteristics can be used to determine the inclination angle 
of the surface. Thereby the influence of a rising temperature from T = 300 K up to 1800 K on the emissivity is 
negligible. More precisely a rising temperature reveals a decrease of merely 5 % of the emissivity at Brewster angle 
with parallel polarised radiation. 
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Figure 1: (a) Influence of the angle of radiation E and polarisation state on the emissivity H at room (300 K) and melting (1800 K) temperature 
[3]; Calculated quotient of the emissivity as a function of the angle of radiation E is independent of temperature T – (b) quotient of p and s 
polarisation (c) quotient of s and p polarisation. 
For a clear recognition of inclined surface structures, it is advantageous not to use the direct emission but rather 
the quotient between the emissions with p and s polarisation respectively the multiplicative inverse because the 
contrast is more intense and the influence of varying temperatures at the field of view is minimized. To get an idea 
of the expectable resolution of detectable surface structures, Figure 1 (b) shows the calculated quotient between the 
emission with parallel and perpendicular polarisation at room temperature and melting temperature for a monitoring 
wavelength of O = 1060 nm as a function of the angle of radiation E. In contrast Figure 1 (c) shows the 
multiplicative inverse of Figure 1 (b). It is shown that surface structures and effects below an angle of radiation of 
about E = 40° related to the surface are hard to detect. However, by an increase of the angle of radiation (E > 40°) 
principally surface structures with large angles of radiation like structural defects in terms of holes, kerfs and pores 
can be reliably deduced from the captured emissions with different polarisations and consequently detected. In 
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combination with a camera system which is sensitive to the monitoring wavelength and an evaluation software for 
data processing it is finally possible to get a three-dimensional spatial and time resolved distribution of the angle of 
radiation of the hot surface (patent pending) [4]. 
4. Experimental set-up 
Figure 2 (a) shows the integrated prototype of the polarising optics in the existing processing system. The 
additional dichroic mirror can be used for additional monitoring systems. To exploit the dependency of the angle of 
radiation E, the thermal radiation of the machining process is filtered by a band-pass directly after the focusing lens 
and the dichroic mirror of the processing optics. Followed by a polarising beam splitter the narrow-banded 
monitoring beam is separated into two beam paths which contain the space-resolved information of the emissivity of 
the respective polarisation, see Figure 2 (b). After the separation into two narrow-banded polarised monitoring 
beams, they are finally imaged simultaneously on one InGaAs-matrix-detector with 320x256 pixels. The images 
recorded with a frequency of 100 Hz are available for subsequent data processing. 
Because a real time processing is not possible with a conventional program running on a CPU (central processing 
unit), in fact the application is executed on a FPGA (field programmable gate array) based frame grabber of the 
microEnable IV product family. The PCIe (peripheral component interconnect express) based image acquisition 
board is equipped with 512 MBytes DDR SDRAM (double data rate synchronous dynamic random access memory) 
and two FPGAs, a system processor and a vision processor. Data processing is done on-the-fly on the vision 
processor while the data is transferred from the camera to the host PC memory. A scalable computing concept 
allows adding additional processing resources as needed. The on-board I/O-interface allows the control of cameras, 
external peripherals like laser scanner and general signal sources. The image acquisition board achieves a practical 
data transfer rate to the host PC of 900 MBytes/sec by a quad lane PCIe interface (PCIe x4). The FPGA 
programming is done with the FPGA programming tool VisualApplets. The hardware programming in Visual 
Applets is the combination and parameterisation of hardware-level modules – so called operators – and algorithmic 
elements in a data flow structure. VisualApplets comes with more than 200 operators. Compared to commonly used 
FPGA programming approaches based on VHDL (very high speed integrated circuit hardware description language) 
or Verilog HDL (Verilog hardware description language), programming with VisualApplets reduces development 
times by orders of magnitude without loosing efficiency. Core features of the easy-to-use tool are the high-level 
simulation and the integrated synthesis. VisualApplets projects are characterised by real-time performance and a 
typically low latency compared to the overall image data transfer time. By using this technique it is possible to get 
different characteristics of the surface. 
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Figure 2: (a) Integrated prototype of the polarising optics; (b) Scheme of the integrated prototype and functionality of the simultaneous recording 
of the two polarised monitoring beams. 
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The processing optics is positioned above a rotatable clamping device which allows varying the lateral inclination 
angle J of the laser beam related to the feeding direction. Using a heat conduction welding process (plane melted 
surface is parallel to top of the work piece) and a coaxial process monitoring with the introduced monitoring system, 
the inclination angle J is equivalent to the angle of radiation E. Consequently the ascertained material dependent 
quotient of the emissivity can be unambiguously assigned to the angle of radiation E to determine the calibration 
function for the monitoring system. 
5. Experimental results 
5.1. Determination of the calibration function 
As mentioned above it is necessary to determine the material dependent quotient of the emissivity as a function 
of the angle of radiation E because the emissivity depends on a multitude of additional characteristics. Therefore the 
described experimental set-up in Figure 2 (a) is used. The underlying process conditions for the chosen heat 
conduction welding process are a welding speed of v = 2 m/min, laser power of PL = 320 W and a focal diameter of 
df = 600 μm. For an angle of radiation of E = 0° the quotient between the emissions with p and s polarisation equals 
one (compare Figure 1 (b)) which corresponds to the grey scale value “grey”. The further increase of the inclination 
angle J of the rotatable clamping device yields a higher angle of radiation E and therewith a higher quotient of the 
emissivity. Finally the higher the quotient of the emissivity, the darker/brighter the grey scale value which depends 
on the alignment between the feeding direction and the orientation of the polarising beam splitter, see Figure 3 (a). 
Based on these results it is now possible to determine the calibration function for the monitoring system and the 
used material whereby the fitted function contains the characteristics of the calculated quotient of the emissivity in 
Figure 1 (b), compare Figure 3 (b). 
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Figure 3: (a) Influence of the inclination angle J on the calculated quotient of emissivity (heat conduction welding); (b) Ascertained quotient 
between the emissions with p and s polarisation at varying angle of radiation E for stainless steel.
5.2. Detection of 3D-surface structures 
Beside structural surface defects like holes, kerfs and pores, the front wall inclination has a strong influence on 
the resultant spatter behaviour [1]. For this reason, the inclination of the front keyhole wall and rather its undesired 
change during material processing must be monitored. One possible approach is analysing the keyhole with a 
CMOS camera. By using an additional filter in front of the camera one can simply observe the surface that is 
directly heated by the incoming laser beam due to its high self-luminosity. This allows visualising and measuring the 
front keyhole wall and the free keyhole aperture at the bottom. Consequently the inclination of the front keyhole 
wall related to the vertical axis can be calculated with the assumption of a plane keyhole surface via the ratio of the 
length of the inclined keyhole front lKf and the thickness t of the work piece [1, 5], see Figure 4. Therefore it is 
shown that the inclination of the front keyhole wall increases linearly with the feeding rate. 
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Figure 4: (a) Example of image recording by the CMOS camera through coaxial direction; (b) Calculated inclination of the front keyhole wall as 
a function of the welding speed [5]. 
However, to get a three-dimensional spatial and time resolved distribution of the inclination of the hot surface 
including the capillary the novel monitoring system using the characteristics of the emissivity has to be applied. The 
red line in Figure 5 (a) marks the position for the resultant quotient of the emissivity. Thereby four regions of the 
underlying welding process can be observed. On the right-hand side the quotient of the emissivity of almost one 
characterises the unirradiated surface of the work piece in front of the capillary. The following region with 
decreased quotient of the emissivity – the values of the quotient of the emissivity are depending on the alignment 
between the feeding direction and the orientation of the polarising beam splitter (compare Figure 1 (b) and (c)) – 
indicates the strong inclined front keyhole wall. In case of full penetration welding, the clear aperture of the keyhole 
at the bottom of the work piece is denoted by the invariable quotient of the emissivity of one. Finally the open 
capillary is restricted by the rear wall of the capillary. Thereby the impossible increase of the quotient of the 
emissivity up to values greater than one results from an adjustment failure of the polarising optics. By using the 
calibration function in Figure 3 (b) the space-resolved angular distribution of the capillary along the marked red line 
can be calculated. The result is shown in Figure 5 (b). It already turns out that the inclined keyhole front reveals an 
angular distribution which is not plane compared to the assumption in Figure 4 in any degree. This novel approach is 
now used to investigate the influence of the feeding rate on the inclination of the keyhole front. 
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Figure 5: (a) Exemplary space-resolved quotient of the emissivity along the red line in the calculated picture; (b) Calculated space-resolved 
angular distribution using the calibration function in Figure 3 (b). 
To demonstrate the effect that different polarised monitoring beams related to the surface have a strong influence 
on the spatial emissivity distribution, Figure 6 shows space-resolved image data recordings for two monitoring 
beams with different polarisation directions related to the feeding direction (p and s polarised) and different feeding 
rates at a laser power of PL = 4 kW. Both image data recordings clearly indicate the resulting keyhole front which is 
inclined due to the forward motion of the laser beam. As a consequence, the keyhole exhibits a smooth transition of 
varying inclination angles relative to the irradiation direction. This change of inclination angles is expressed in the 
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different spatial emissivity distribution of the respective monitoring beam. According to that, the p polarised 
monitoring beam offers a maximum emissivity directly at the centre of the inclined keyhole front wall (bright area). 
In contrast, the s polarised monitoring beam exhibits the maximum emissivity at the side walls of the capillary. 
v = 3 m/min
p polariseds polarised p polariseds polarised
v = 7 m/min
v
direction of 
polarisation
direction of
polarisation
frame rate = 100 fps; exposure time = 100 s
stainless steel 1.4301; t = 1 mm; PL = 4 kW
Figure 6: Space-resolved image data recordings for two polarisation directions and different feeding rates. 
As already mentioned not the varied spatial emissivity distribution of the polarised monitoring beams but their 
quotient yields a better assignment to the angle of radiation. Therefore the subsequent data processing of the image 
data recordings allows calculating the space-resolved quotient of the emissivity. For an angle of radiation of E = 0° 
the quotient between the emissions with p and s polarisation equals one which corresponds to the grey scale value 
“grey”. The higher the quotient of the emissivity, the darker/brighter the grey scale value which depends on the 
alignment between the feeding direction and the orientation of the polarising beam splitter (see Figure 3 (a)). Figure 
7 (c) shows an example for the calculated space-resolved quotient of the emissivity. The position of the red line 
marks the region of interest along the interaction zone between laser beam and work piece which remains 
unchanged for all investigations concerning the influence of the feeding rate. Thereby the position of 0 μm is set in 
front of the inclined keyhole front in contrast to the position of 900 μm which is located behind the interaction zone. 
The additional two dashed lines are bordering the length of the inclined keyhole front corresponding to Figure 4 (a). 
By using the evaluation software for data processing with the determined calibration function in Figure 3 (b), it is 
now possible to plot the angular distribution E along the centre line of the interaction zone. Figure 7 (a) and (b) show 
the influence of the feeding rate at a laser power of PL = 4 kW. Moreover, as a single frame of the observed quotient 
of the emissivity shows a snapshot of the angular distribution of the inclined keyhole front, a superimposing print of 
several single frames allows verifying the stability behaviour of the keyhole. For a fundamental significance 
one frame per 2,5 mm seam length is used which means 20 single frames are analysed per feeding rate value. 
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Figure 7: Angle of radiation along the interaction zone between laser beam and material at v = 3 m/min (a) and v = 7 m/min (b) at a laser power 
of PL = 4 kW. The position of the red line marks the region of interest at the resultant picture of the quotient of emissivity (c). The additional two 
dashed lines are bordering the length of the inclined keyhole front. 
Figure 7 clearly indicates that independent of the feeding rate the inclination of the keyhole front on the centre 
line reveals an angular distribution contrary to the assumption of a plane surface in Figure 4. It is also shown that a 
higher feeding rate yields an increase of the length of the inclined keyhole front which corresponds to the distance 
within the two dashed lines. Analogous to the measured length of the front keyhole wall, the inclination of the front 
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keyhole wall increases linearly with the welding speed as well. Finally the stability of the keyhole front in particular 
at the bottom side increases due to the higher feeding rate. This becomes apparent due to the less 
variations/fluctuations of the angle of radiation at certain positions on the lower part of the keyhole. 
To get an obvious idea of the influence of the feeding rate on the angular distribution along the centre line of the 
interaction zone, Figure 8 shows the mean value of 20 capillaries out of Figure 7. Compared to Figure 7, the 
increase of the feeding rate yields a linear increase of the length of the inclined keyhole front. In addition the 
resultant decrease of the maximal angle of radiation c substantiates the larger keyhole inclination for a higher 
feeding rate. Beside the behaviour of the angular distribution the increase of the feeding rate leads to a displacement 
of the keyhole entrance against the feeding direction d. In this instance an increase of the feeding rate from 
v = 2 m/min up to v = 9 m/min yields a displacement of at least 10% of the used focus diameter (df = 600 μm). As a 
consequence, the irradiated area in front of the keyhole entrance by the incoming laser beam increases whereby the 
maximal available irradiation for coupling into the keyhole is reduced. In other words the perpendicular back 
reflected irradiation which is alleviated due to the absorptivity of the used material increases with an increase of the 
feeding rate. 
0
10
20
30
40
50
60
70
80
90
0 100 200 300 400 500 600 700 800 900
position in m
a
n
g
le
 o
f 
ra
d
ia
ti
o
n
 in
 °
v = 2 m/min
v = 4 m/min
v = 6 m/min
v = 8 m/min
v = 9 m/min
mean value of 20 capillaries
v n
v n
c
d
a
n
g
le
 o
f 
ra
d
ia
ti
o
n
 in
 °
a
n
g
le
 o
f 
ra
d
ia
ti
o
n
 in
 °
Figure 8: Influence of the feeding rate on the angular distribution along the centre line of the interaction zone. Thereby each angular distribution 
represents the mean value of 20 capillaries. 
On the basis of Figure 8, it is now possible to count back the inclination of the keyhole front. Therefore Figure 9 
shows the resultant values using the novel process monitoring system as a function of the feeding rate. For better 
comparison, the measured results of Figure 4 [5] are plotted as well and confirm the evaluated results. Furthermore 
these results are confirmed by using the novel X-ray system for in-situ diagnostics of laser based processes at the 
IFSW [6]. According to this, the novel process monitoring system affords the possibility to monitor or even to 
control the inclination of the front keyhole wall and rather its undesired change during material processing. 
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Figure 9: Comparison of the existing results* [5] with the calculations using the novel process monitoring system of the inclination angle as a 
function of the feeding rate. 
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6. Conclusion 
These investigations have shown the possibility to use quantitative measurement categories like the influence of a 
linearly polarised monitoring beam (perpendicular or parallel) for process monitoring. Thereby the polarised 
monitoring beams indicate a varied spatial emissivity distribution depending on the angle of radiation as well. This 
effect can be used to deduce surface structures and emerging seam imperfections. It clearly turns out that not the 
direct emissivity but the quotient of the emissivity of differently polarised components yields a better assignment to 
the angle of radiation which allows deducing surface features. 
This novel approach of process monitoring allows determining the inclination of a keyhole or cutting front. 
Besides the possibility to determine the spatial inclination of capillaries, this sensor can be used to monitor weld 
pool structures or upcoming seam imperfections during laser material processing or to prevent the latter by an in-
process control as well. Therefore it is obvious that the combination of the introduced sensor with a pyrometer for 
thermometry yields a monitoring system which interacts for a contactless precise spatial measurement of the surface. 
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